Single-atom-resolved detection in optical lattices using quantum-gas microscopes has enabled a new generation of experiments in the field of quantum simulation. Fluorescence imaging of individual atoms has so far been achieved for bosonic species with optical molasses cooling, whereas detection of fermionic alkaline atoms in optical lattices by this method has proven more challenging. Here we demonstrate single-site-and single-atom-resolved fluorescence imaging of fermionic potassium-40 atoms in a quantum-gas microscope setup using electromagnetically-induced-transparency cooling. We detected on average 1000 fluorescence photons from a single atom within 1.5 s, while keeping it close to the vibrational ground state of the optical lattice. Our results will enable the study of strongly correlated fermionic quantum systems in optical lattices with resolution at the single-atom level, and give access to observables such as the local entropy distribution and individual defects in fermionic Mott insulators or anti-ferromagnetically ordered phases.
Ultracold quantum gases in optical lattices interconnect atomic physics, condensed matter physics and quantum information science [1, 2] . This new interdisciplinary field attracts a growing interest worldwide, as the potential benefits it offers for fundamental as well as applied research are immense. For example, used as quantum simulators [3] to solve model Hamiltonians, ultracold atoms in optical lattices promise to help us understand the properties of strongly correlated materials such as high-T c superconductors. The key model in this context is the Fermi-Hubbard model, which provides insight into magnetic and electronic properties of these materials.
To fully exploit the potential of ultracold atoms as a quantum simulator, it is of great advantage to have access to the in-trap atom distribution with individual-particle resolution. This enables in-situ measurement of equilibrium quantum states and time-dependent many-body dynamics. A key challenge within the Fermi-Hubbard model would be the direct detection of magnetic ordering in two-spin-component fermionic systems [4, 5] . These goals have led to the development of quantumgas microscopes [6] , in which strongly correlated systems are observed with single-site and single-atom resolution [7, 8] . Quantum-gas microscopes have been realized with bosonic 87 Rb [6, 8] , and single-atom-resolved detection of bosonic 174 Yb has also been reported recently [9] . However, until now, single-site resolution for fermions has remained elusive.
To achieve reliable detection of individual atoms on the lattice, it is desirable to maximize the fluorescence yield while at the same time maintaining a negligible particle loss rate and preventing the atoms from hopping between lattice sites. These conditions can be efficiently achieved by simultaneously laser cooling the atoms to sub-Doppler temperatures while detecting the fluorescence photons emitted during this process. However, cooling of fermionic alkaline atoms in optical lattices is challenging, as their lower mass and smaller excitedstate hyperfine splitting make it more difficult to obtain low temperatures using the standard technique of polarization-gradient cooling.
FIG. 1. Experimental setup, laser beam configuration and level scheme. (a) Fermionic
40 K atoms in an optical lattice were observed using fluorescence detection with a highresolution optical microscope (NA = 0.68, working distance 12.8 mm [8] ). The optical lattice (red dots) is composed of two retro-reflected beams in the x-and y-axes, and a vertical beam retro-reflected from the coated vacuum window. Retroreflected EIT cooling beams (blue) were overlapped with the horizontal optical lattice. Raman beams (green) were used to couple the motional states in the z-axis to the horizontal plane. Atoms were prepared in the focal plane of the microscope objective (Inset). (b) Level scheme of the relevant states of 40 K, with off-resonant Raman beams (green) and near-resonant (detuning ∆) EIT coupling and probe beams (ΩC and ΩP , blue) with relative detuning ∆ hfs + δ. In this work, we achieved single-atom-resolved fluorescence imaging of 40 K using electromagnetically-inducedtransparency (EIT) cooling [10, 11] . This technique has been used to efficiently cool trapped ions [12] and to manipulate individual neutral atoms in an optical cavity [13] [14] [15] . EIT cooling is similar to grey molasses, recently used to cool atoms and enhance density in free-space atomic samples [16] [17] [18] . Both methods rely on the existence of a spectrally narrow, Fano-like line profile [19] and dark resonances arising from quantum interference in a Λ-like level scheme. In confining potentials with quantized vibrational levels, as is the case in our optical lattice, the narrow absorption line can selectively excite red-sideband transitions that cool the atomic motion by removing one vibrational quantum, while carrier and blue-sideband excitations are suppressed. We present EIT cooling as an alternative to Raman sideband cooling techniques [20] [21] [22] , which have been applied recently to image atomic clouds [23] and individual atoms [24] , and which are being pursued by other research groups to achieve single-site imaging of fermionic lithium or potassium.
The key component of our experimental setup is a high-resolution optical microscope (Fig. 1a) with numerical aperture NA = 0.68 [8] , providing a diffractionlimited resolution of 580 nm (full width at half-maximum, FWHM) at the wavelength of the 4S 1/2 → 4P 1/2 transition, λ D1 = 770.1 nm (D 1 -line). We prepared a sample of cold fermionic 40 K atoms within the focal plane of the microscope (Appendix) in a three-dimensional optical lattice (wavelength λ = 1064 nm). In order to implement the EIT-cooling scheme, we tuned both coupling and probe beams (Rabi frequencies Ω C and Ω P ) close to the D 1 -line (see atomic level scheme in Fig. 1b ). The coupling light was blue detuned by ∆ = 10 Γ (Γ = 2π × 6.0 MHz is the linewidth of the 4P excited states) from the F = 9/2 → F = 7/2 transition in the lattice, and similarly, the probe beam was detuned by ∆ = 10 Γ from the F = 7/2 → F = 7/2 transition. Both pump and probe beams were derived from the same laser by passing the light through an electro-optical modulator (EOM), which generates sidebands at the frequency of the ground state hyperfine splitting, ∆ hfs = 2π × 1.2858 GHz. A retroreflected EIT beam in σ + − σ − configuration is overlapped with each of the optical lattice beams in the x-and ydirections (Fig. 1a) to provide cooling in the horizontal plane. We avoided the use of vertical EIT beams to prevent stray light along the imaging axis. Instead, we used an off-resonant two-photon Raman transition red detuned by ∆ R = 2π × 8 GHz from the 4S 1/2 → 4P 3/2 transition (D 2 -line at 767.7 nm) to couple the motional states between the vertical and horizontal lattice axes (Appendix). One Raman beam was aligned vertically and the other one horizontally at a 45
• angle between the x-and y-axes (Fig. 1a) . We blocked the stray light of the vertical Raman beam with narrowband interfer- ence filters (Alluxa) placed in front of the EMCCD camera, which detects fluorescence photons scattered from the EIT beams on the D 1 line. Our cooling scheme allowed us to image individual 40 K atoms in a sparsely populated thermal cloud ( Fig. 2a) with an excellent signal-to-noise ratio. We detected on average 1000 fluorescence photons per atom within an illumination time of 1.5 s using a lattice depth of
Our system has a total fluorescence collection efficiency of 8.6 %, given by the objective's solid angle of Ω/(4π) = 13 %, the 80 % transmission through the objective, lenses and interference filters and the 83 % quantum efficiency of the EMCCD camera (Andor iXon 897). The corresponding atomic fluorescence rate of ∼ 8000 photons/s is large enough to unambiguously identify the presence or absence of an atom for each lattice site ( Fig. 2b and Appendix), however it is more than a factor of 10 smaller than those obtained in the quantum-gas-microscope setups with 87 Rb [6, 8] . Our measured point spread function, obtained by averaging 640 fluorescence images of individual atoms (Fig. 2e) , has a FWHM of 630 nm, close to the diffraction-limited resolution of the microscope objective (Fig. 2d) .
In order to characterize the cooling process, we determined the cloud width for increasing duration of exposure to the EIT-and Raman beams. The cooling results in a decrease of the cloud width (measured using absorption images after rapid release from the lattice potential, Appendix) to a stationary value, with a time constant of 0.4 ms in the horizontal plane and 1.7 ms in the vertical direction (Fig. 3a) . These time constants correspond to cooling rates of approximately 6 ω/ms and 1 ω/ms respectively, where ω = 2π×300 kHz is the spacing of vibrational levels in all three lattice axes. From our measured Rabi frequencies, Ω C ∼ 2π×2.5 MHz, Ω P = 2π×1.4 MHz (Appendix), we calculated the width of the narrow line in the Fano profile, γ + = ωΓ/(4 ∆ 2 + Ω 2 C + Ω 2 P ) = 2π ×6.4 kHz [11] . This value sets the combined scattering rate, γ + /2 on the red sideband for both horizontal axes and matches reasonably with well our observed cooling rates. The cooling rate in the vertical direction is different as there are no vertical EIT beams, instead, cooling is achieved by transferring vibrational excitation quanta via Raman transitions from the vertical axis to the cooled horizontal axes (Appendix). Without the Raman beams we observed no cooling in the vertical axis, but instead an increase of the vertical cloud width with time ( Fig. 3a) , caused by heating due to spontaneously emitted photons from the EIT beams. We estimated a mean number of vibration quanta of 0.9 in the horizontal axis, after 5 ms of cooling, by measuring the steady state expansion energy with time-of-flight imaging (Appendix).
We studied the characteristics of EIT cooling in our experiment by measuring the cloud width, after 1.5 ms of cooling, as a function of the two-photon detuning δ. On resonance, δ = 0, cooling works most efficiently (Fig. 3b) as the atoms are pumped into the dark state and their lifetime is significantly enhanced (Fig. 3c) . However, at negative detuning, δ < 0, we predominantly drive carrierand blue side-band transitions which heat the atoms (Fig. 3b) . For δ = 0, heating resulted in atom loss over timescales of milliseconds. Maximizing the number of fluorescence photons for the single-atom imaging necessitates a compromise between a long lifetime (atoms in the dark state) and a large scattering rate. This can be seen in a shift of the maximum of fluorescence counts with increasing accumulation time (Fig. 3d) , from the position of strong heating (δ < 0) towards resonance (δ = 0), where most efficient cooling is achieved. Note that Figs. 3c and 3d show the atom loss and the fluorescence of the complete cloud without layer preparation. We attribute the loss rate in the complete cloud to the spatial variation of the lattice beams' light shift, which causes a positiondependent detuning ∆. In our single-atom images, as shown in Fig. 2 , these losses are strongly reduced as we efficiently cool only a smaller region, and we measured lifetimes of about 20 s.
We investigated in more detail to what extent the atoms are lost and move in the lattice during the imaging process. For this purpose, we recorded two successive fluorescence images of the same atoms with 500 ms exposure time each, and a 500 ms separation between the two images. From each of the images we determined the atom distribution on the lattice using a deconvolution algorithm (Appendix), providing us with a binary map of the lattice site occupation. To estimate hopping, we calculated the fraction of atoms, h, that appeared on previously empty lattice sites as well as the fraction of atoms lost, l, from the first to the second image (Fig. 4) . Varying δ, we found that h was constant at about 8 %, while l increased from 9 % at δ = 0 to larger values for δ = 0. We attribute this increased loss to the less efficient cooling due to the absence of a dark state, as discussed above (Fig. 3c) . Even at δ = 0, both loss and hopping could result from off-resonant excitation by the EIT-and Raman beams to the 4P 1/2 and 4P 3/2 excited states. Both 4P states experience a light shift more than five times greater and opposite to the ground-state light shift, due to the proximity of the lattice wavelength to the 4P → 3D resonance at 1178 nm. As a consequence, an atom in the 4P states experiences a repulsive potential which causes the excited-state wavepacket to expand rapidly in space. During the subsequent spontaneous emission the atoms can decay into a high vibrational state or a high band in which the atoms are no longer bound to the lattice sites. These hot atoms can now move across the lattice and then potentially be recooled and bound to a different lattice site. We are currently investigating this heating process in more detail using numerical simulations of the full quantum evolution of an atom on a few lattice sites.
The single-site-resolved detection of 40 K in an optical lattice will open the path to the study of strongly correlated fermionic quantum systems with unprecedented insight into their local properties. With the good signalto-noise ratio of our images, we will be able to count thermal excitations in fermionic Mott insulators [25, 26] , and directly probe local entropy distributions, or detect correlations in out-of-equilibrium dynamics [27] . The quantum-gas microscope could also help to implement proposals for attaining low-entropy states which rely on removing high-entropy regions by locally modifying the confining potential [28] . This will make the fermionic quantum-gas microscope an ideal tool to detect the onset of antiferromagnetic ordering [4, 5, [29] [30] [31] with single-site resolution.
Our experimental sequence started with an atomic beam of 40 K produced by a two-dimensional magnetooptical trap (MOT) loaded from 10 −7 mbar of potassium vapour (our atomic source is enriched to 3 % 40 K). This atomic beam passes through a differential pumping section to a standard three-dimensional MOT, which captures 2 × 10 8 atoms in 4 s. The atoms were further cooled in an optical molasses and loaded into an optical dipole trap formed by two beams of 100 W each (beam radius w 0 = 150 µm, wavelength 1070 nm) crossing at an angle of 15
• . The atoms were then loaded into a translatable optical tweezer (beam radius w 0 = 50 µm, 18 W power) and moved 13 cm within 1.5 s to within the field-of-view of the high-resolution microscope (similar to Ref. [8] ). We initially transferred 1 × 10 6 40 K atoms from the singlebeam trap into a crossed optical dipole trap which is formed by the optical lattice beams with their retroreflectors blocked by mechanical shutters and evaporatively cooled the atoms. We then transferred the sample into the vertical optical lattice (beam radius w 0 = 60 µm) and subsequently switched on both horizontal optical lattices (w 0 = 75 µm) with the retro-reflectors unblocked.
Preparation of 2D atomic samples
In order to prepare a thin sample within the focal plane of the microscope, we used a position-dependent microwave transition in a vertical magnetic field gradient [8] of ∂B/∂z = 80 G/cm. This gradient results in a shift of the ground state hyperfine transition |F = 9/2, m F = −9/2 → |F = 7/2, m F = −7/2 of 20 kHz/µm. We initially optically pumped the atoms into the |F = 9/2, m F = −9/2 state while holding them in a shallow 3D optical lattice, before applying a microwave sweep (HS1-pulse [32] of 5 kHz width) to transfer atoms out of one selected layer into the |F = 7/2, m F = −7/2 state. All atoms remaining in F = 9/2 were then removed using a circularly polarised resonant laser beam on the F = 9/2 → F = 11/2 cycling transition of the D 2 line. The microwave transfer and removal processes have an overall efficiency of >90 %, resulting in residual atoms in the F = 7/2 manifold across all layers. In order to remove these atoms, we optically pumped the atoms back to the initial |F = 9/2, m F = −9/2 state and again performed a microwave transfer followed by a removal pulse. Using this technique, we were able to prepare about 100 atoms in a single layer of the three-dimensional optical lattice, with a negligible population in other layers. Note that for the images in Fig. 2 , we prepared two adjacent layers within the depth of focus of the imaging system, in order to increase the number of atoms visible.
Analysis of fluorescence images
In order to analyse our fluorescence images, we used procedures and computer algorithms based on earlier work [8] . The precise orientation of the lattice angles, 47.60
• and −42.83
• with respect to the horizontal baseline of the Figs. 2a and 2b , and the magnification (5.133 pixels on the CCD camera correspond to λ/2 at the atoms) were determined by evaluating the mutual distances between 600 isolated atoms from several fluorescence images (see Supplementary Information of Ref. [8] ). Lattice angles and spacings were taken as the input for our deconvolution algorithm [8] , which uses the averaged point spread function from Fig. 2e to determine the occupation of the lattice sites. To determine the average fluorescence rate, we summed the number of counts from a 3x3 pixels area centered on each occupied lattice site, and converted this value to a photon number. The resulting histogram of the detected photon number follows a Gaussian distribution of mean 1000 and width 400. The same analysis performed on the empty lattice sites yielded a photon number of less than 200.
Characterisation of EIT cooling using time-of-flight imaging
We determined the kinetic energy of a cloud of atoms in time-of-flight measurements after a rapid release from the lattice potential. The initial change in kinetic energy due to the EIT-and Raman beams was different for the horizontal and vertical axes, with a horizontal cooling rate of 83 µK/ms during the first 150 µs and a vertical cooling rate of 11 µK/ms during the first 400 µs. After a hold time of 5 ms with EIT cooling, the atoms maintained constant horizontal and vertical expansion energies of 10 µK and 15 µK. These kinetic energies correspond to mean excitation numbers of 0.9 and 1.6, respectively, for a harmonic oscillator potential with a trap frequency ω = 2π×300 kHz.
We determined the combined Rabi frequencies of all EIT beams by measuring the off-resonant scattering rate, with the EOM switched off. The coupling and probe beam Rabi frequencies, Ω C ∼ 2π × 2.5 MHz and Ω P = 2π × 1.4 MHz, are determined by the modulation depth of the EOM (25 % of the power in the first sideband).
Raman coupling of motional axes
In our setup, we achieved cooling of the vertical axis by transferring its vibrational excitation quanta, via Raman transitions, to the cooled horizontal axes [33] . We used two Raman beams of identical frequency, such that the exchange of vibrational quanta between two axes is a resonant two-photon process. The Rabi frequency for the transition |n x , n z + 1 → |n x + 1, n z can be calculated as Ω R = Ω 0 n x + 1, n z | e iδk·r |n x , n z + 1 , where n x and n z are the vibrational quantum numbers, δk = k 1 − k 2 is the momentum transfer from the Raman beams, and Ω 0 is the two-photon Rabi frequency of the carrier transition. Expanding the exponential yields Ω R = Ω 0 η x η z (n x + 1)(n z + 1), where we have used the Lamb-Dicke factors η j = δk · e j ∆x j 0 (for our parameters, η x = 0.12, η z = 0.17), with ∆x j 0 = /(2mω) ≈ 20 nm the width of the ground state wavepacket of the harmonic oscillator in directions j = x, z (m is the mass of a 40 K atom). We estimate a Rabi frequency of Ω R ≈ 2π × 30 kHz by measuring how the vertical expansion width after 0.5 ms of cooling changes as a function of the detuning between the two Raman beams.
